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Methanol permeation through proton exchange membranes is one of the major 
constraints inhibiting large scale commercialization of direct methanol fuel cell (DMFC). 
In the development of membranes for DMFC, it is important to have accurate, reliable, 
and convenient techniques for determining the methanol permeation rate through the 
membranes. Five techniques used for measuring methanol permeation through the proton 
exchange membranes of direct methanol fuel cells have been screened. Electrochemical 
techniques were found to be more accurate and reliable. Among the electrochemical 
techniques, potentiometric technique has additional advantages of easier reproducibility 
of results, convenience, and gives more data points. Thus, potentiometric technique was 
used to determine methanol crossover flux and permeability of prepared 
SPEEK/TPA/MCM-41 and SPEEK/TPA/Y-zeolite composite membranes. 
 
SPEEK/TPA/MCM-41 composite membranes with inorganic loadings (TPA/MCM-41) 
of 10wt % - 30wt % have permeability values of 0.57 x 10-8 cm 2 s-1 – 3.51 x 10-8 cm 2 s-1. 
While SPEEK/TPA/Y-zeolite composite membranes with inorganic loadings (TPA/Y-
zeolite) of 10wt % -30 wt % have permeability values of 1.71 x 10-8 cm2 s-1 – 4.29 x      
10-8 cm 2 s-1. These values are low compared to that of pure SPEEK 1.6 membranes;     
4.41 x 10-8 cm2s-1. But when 40wt % of TPA/Y-zeolite loading was used higher 
permeability value of 7.04 x 10-8 cm2 s-1 was obtained. Better reduction in methanol 
permeation was observed with lower loadings of the inorganic material (TPA/MCM-41 
or Y-zeolite) than with higher loadings. These composite membranes have good potential 
for use in the direct methanol fuel cell (DMFC) due to their low methanol permeability. 
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 .اﻟﻬﻨﺪﺳﺔ اﻟﻜﻴﻤﻴﺎﺋﻴﺔ: اﻟﺘﺨﺼــــــــﺺ
 6002/  ﻣــــﺎﻳـﻮ : اﻟﺘﺨــﺮج ﺗﺎرﻳﺦ
 
ﻲ ﻣﻦ اﻟﻌﻮاﺋﻖ اﻟﺮﺋﻴﺴﻴﺔ ﻻﺳﺘﻌﻤﺎل ﺧﻼﻳﺎ وﻗﻮد اﻟﻤﻴﺜﺎﻧﻮل اﻟﻤﺒﺎﺷﺮ ﺗﻌﺪ ﻧﻔﺬﻳﺔ اﻟﻤﻴﺜﺎﻧﻮل ﺧﻼل أﻏﺸﻴﺔ اﻟﺘﺒﺎدل اﻟﺒﺮوﺗﻮﻧ
ﻟﺘﻄﻮﻳﺮ أﻏﺸﻴﺔ ﻟﺨﻼﻳﺎ وﻗﻮد اﻟﻤﻴﺜﺎﻧﻮل اﻟﻤﺒﺎﺷﺮ ﻳﺠﺐ اﻳﺠﺎد ﺗﻘﻨﻴﺎت دﻗﻴﻘﺔ وﻣﺮﻳﺤﺔ وﻳﻌﺘﻤﺪ ﻋﻠﻴﻬﺎ ﻟﺘﺤﺪﻳﺪ . ﺑﺸﻜﻞ ﺗﺠﺎري
ل أﻏﺸﻴﺔ اﻟﺘﺒﺎدل ﺗﻢ ﻓﺤﺺ ﺧﻤﺲ ﺗﻘﻨﻴﺎت ﺗﺴﺘﻌﻤﻞ ﻟﻘﻴﺎس ﻧﻔﺎذﻳﺔ اﻟﻤﻴﺜﺎﻧﻮل ﺧﻼ. ﻣﻌﺪل ﻧﻔﺎذﻳﺔ اﻟﻤﻴﺜﺎﻧﻮل ﺧﻼل هﺬﻩ اﻷﻏﺸﻴﺔ
ﻣﻦ . وﺟﺪ ان اﻟﺘﻘﻨﻴﺎت اﻹﻟﻜﺘﺮوآﻴﻤﻴﺎﺋﻴﺔ أآﺜﺮ دﻗﺔ وﻳﻌﺘﻤﺪ ﻋﻠﻴﻬﺎ ﺑﺸﻜﻞ أآﺒﺮ. اﻟﺒﺮوﺗﻮﻧﻲ ﻟﺨﻼﻳﺎ وﻗﻮد اﻟﻤﻴﺜﺎﻧﻮل اﻟﻤﺒﺎﺷﺮ
ﺑﻴﻦ اﻟﺘﻘﻨﻴﺎت اﻹﻟﻜﺘﺮوآﻴﻤﻴﺎﺋﻴﺔ اﻟﻤﻔﺤﻮﺻﺔ ﺣﺎزت ﺗﻘﻨﻴﺔ ﻣﻘﻴﺎس ﻓﺮق اﻟﺠﻬﺪ ﻋﻠﻰ اﻳﺠﺎﺑﻴﺎت إﺿﺎﻓﻴﺔ وهﻲ ﺳﻬﻮﻟﺔ إﻋﺎدة 
ﻟﺬﻟﻚ ﺗﻢ اﺳﺘﻌﻤﺎل ﺗﻘﻨﻴﺔ ﻣﻘﻴﺎس ﻓﺮق اﻟﺠﻬﺪ ﻟﺘﺤﺪﻳﺪ .  وأﻧﻬﺎ ﺗﻌﻄﻲ ﻧﻘﺎط ﻣﻌﻠﻮﻣﺎت أآﺜﺮاﻟﺤﺼﻮل ﻋﻠﻰ اﻟﻨﺘﺎﺋﺞ وﻣﻼءﻣﺘﻬﺎ
 و  14-MCM/APT/KEEPSﺗﺪﻓﻖ وﻧﻔﺎذﻳﺔ اﻟﻤﻴﺜﺎﻧﻮل ﺧﻼل ﻧﻮﻋﻴﻦ ﻣﻦ اﻷﻏﺸﻴﺔ اﻟﻤﺮآﺒﺔ ﺗﻢ ﺗﺤﻀﻴﺮهﻤﺎ وهﻤﺎ
 .etiloez-Y/APT/KEEPS
زﻧﻴﺔ  ﺑﻨﺴﺐ و أﻏﺸﻴﺔ  اﻟﻤﺮآﺒﺔ ﻣﻊ ﺣﺸﻮات ﻏﻴﺮ ﻋﻀﻮﻳﺔ 14-MCM/APT/KEEPS )14-MCM/APT(
 . 1- ث2 ﺳﻢ – 1- ث2 ﺳﻢ8-01×75.0 8-01×15.3أﻋﻄﺖ ﻗﻴﻤﺎ ﻟﻠﻨﻔﺎذﻳﺔ ﺗﺘﺮاوح ﺑﻴﻦ % 03 -% 01ﺗﺘﺮاوح ﺑﻴﻦ 
 ﺑﻨﺴﺐ وزﻧﻴﺔ  اﻟﻤﺮآﺒﺔ ﻣﻊ ﺣﺸﻮات ﻏﻴﺮ ﻋﻀﻮﻳﺔ etiloez-Y/APT/KEEPS )etiloez-Y/APT(ﺑﻴﻨﻤﺎ أﻏﺸﻴﺔ 
هﺬﻩ  . 1- ث2 ﺳﻢ – 1- ث2 ﺳﻢ8-01×17.1 8-01×92.4أﻋﻄﺖ ﻗﻴﻤﺎ ﻟﻠﻨﻔﺎذﻳﺔ ﺗﺘﺮاوح ﺑﻴﻦ % 03 -% 01ﺗﺘﺮاوح ﺑﻴﻦ 
 اﻟﻨﻘﻴﺔ؛ 6.1 KEEPS ﻟﻜﻦ ﻋﻨﺪ اﺳﺘﻌﻤﺎل ﺣﺸﻮة  . 1- ث2 ﺳﻢ8-01×14.4اﻟﻘﻴﻢ ﺗﻌﺘﺒﺮ ﺻﻐﻴﺮة ﻣﻘﺎرﻧﺔ ﺑﻬﺎ ﻷﻏﺸﻴﺔ 
ﺗﻢ  . 1- ث2 ﺳﻢﺗﻢ اﻟﺤﺼﻮل ﻋﻠﻰ ﻗﻴﻤﺔ أآﺒﺮ ﻟﻠﻨﻔﺎذﻳﺔ وﻣﻘﺪارهﺎ % 04 ﺑﻨﺴﺒﺔ وزﻧﻴﺔ etiloez-Y/APT 8-01×40.7
-Y ro 4-MCM/APT(ﺪ اﺳﺘﻌﻤﺎل ﺣﺸﻮات ﻏﻴﺮ ﻋﻀﻮﻳﺔ ﻣﻼﺣﻈﺔ ﺗﺤﺴﻦ ﻓﻲ اﻧﻘﺎص ﻗﻴﻤﺔ ﻧﻔﺎذﻳﺔ اﻟﻤﻴﺜﺎﻧﻮل ﻋﻨ
هﺬﻩ اﻷﻏﺸﻴﺔ اﻟﻤﺮآﺒﺔ ﺗﻤﺘﻠﻚ إﻣﻜﺎﻧﻴﺔ ﺟﻴﺪة ﻻﺳﺘﻌﻤﺎﻟﻬﺎ ﻓﻲ .  ﺑﻨﺴﺐ ﻗﻠﻴﻠﺔ أﻓﻀﻞ ﻣﻨﻪ ﻋﻨﺪ اﺳﺘﺨﺪام ﻧﺴﺐ ﻋﺎﻟﻴﺔ)etiloez
 . ﺧﻼﻳﺎ وﻗﻮد اﻟﻤﻴﺜﺎﻧﻮل اﻟﻤﺒﺎﺷﺮ ﻧﻈﺮا ﻟﻘﻴﻤﻬﺎ اﻟﻘﻠﻴﻠﺔ ﻟﻨﻔﺎذﻳﺔ اﻟﻤﻴﺜﺎﻧﻮل
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CHAPTER 1 
 
 
1 INTRODUCTION 
 
 
The search for efficient and cleaner energy conversion technology and the need for 
alternative renewable fuels have increased the investments on fuel cell research and 
technology in the last years. Fuel cells are very promising energy conversion devices with 
numerous possible applications. They have high energy efficiency, low or zero emissions, 
simplicity, and flexibility in power supply. These properties make them attractive when 
compared with the existing, conventional energy conversion technologies. Fuel cells can 
generate power from a fraction of watt to hundreds of kilowatts. Because of this, they 
may be used in almost every application where local electricity generation is needed. 
Applications such as automobiles, utility vehicles, scooters, bicycles, and submarines 
have been already demonstrated [1]. 
 
A fuel cell is an electrochemical engine which continuously converts the chemical energy 
of a fuel into direct current electrical energy. This is analogous to the combustion process 
which occurs in a heat engine, but in a fuel cell this can take place at much lower 
temperature, high energy efficiency and reduced polluting emissions. For these reasons, 
fuel cells are expected to play an important role in the replacement of the internal 
combustion engine. A fuel cell is in some aspects similar to a battery. It has an 
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electrolyte, and negative and positive electrodes, and it generates direct current electricity 
through electrochemical reactions. However, unlike a battery, a fuel cell supplies power 
as long as there is a supply of fuel and oxidant. Also, the electrodes in a fuel cell do not 
undergo chemical changes. Research has been conducted and is currently being 
conducted into several types of fuel cells.  
 
Hydrogen as an energy carrier is the common fuel for fuel cells but is not readily 
available. Presently organic fuels are steam reformed to hydrogen-rich gas before entry 
into the anode side of a fuel cell. The size of the system due to the presence of the 
reformer complicates the design. In addition, because the concept of “Hydrogen Energy 
Economy” is yet to be fully realized there are no infrastructural networks to support the 
distribution of hydrogen easily. Thus, research efforts are geared towards designing a fuel 
cell that would directly oxidize a liquid fuel at the anode and will have improved overall 
cell performance. Direct methanol fuel cell (DMFC), where methanol fuel is supplied 
directly to the anode of the cell is one of the promising candidates. Much attention is now 
focused on it especially in Europe and the United States. DMFC technology is attractive 
for the automobile industry and is being seen as a future energy source for mobile power 
applications. It has the advantage of not requiring a fuel reformer, allowing simple and 
compact designs. Also, infrastructure built for gasoline can be used without significant 
alteration and changes in power demand can be accommodated simply by alteration in 
supply of methanol feed. Due to low operating temperature of the cell there is no 
production of NOX [2]. Methanol is stable in contact with acidic membranes, has limited 
toxicity, and high energy density (3800 kcal/liter) compared to hydrogen at 360atm (658 
 2
kcal/liter). It is cheaper to manufacture, and is easier to handle and transport (liquid at 
room temperature) [3]. 
 
However, despite these advantages, there are two major constraints inhibiting large scale 
commercialization of a DMFC. Problems relating to Nafion® membranes which are used 
as polymer electrolyte membranes and low activity of the methanol electro-oxidation 
catalysts.  Nafion® membranes permits methanol crossover from the anode to the cathode 
and is costly. Its proton conductivity decreases at high temperature ~ above 90 °C. 
Operating the fuel cell in the temperature range up to around 150 °C would improve the 
reaction kinetics and reduce the catalyst poisoning by CO, but dehydration leads to a 
drastic reduction of the Nafion® performance above 100 °C. In both PEMFCs and 
DMFCs, polymer electrolyte membranes are used, which have proton-conducting 
pathways produced by fixed functional groups or proton conducting gel. Nafion®, a 
perfluorosulfonate membrane developed by DuPont dominates the market of polymer 
electrolyte membranes for fuel cell owing to high ionic conductivity in its hydrated state 
and good thermal and chemical stability. While it has shown very good performance in 
the PEMFCs, in the DMFCs it does not meet the requirements for sufficiently low 
methanol permeability. It has been reported that over 40% of the methanol can be wasted 
in DMFCs across such membranes [4]. This crossover is caused by diffusion of methanol 
due to concentration gradient and by molecular transport due to electro-osmotic drag.  
 
The methanol transported through the membrane reduces the effective area of the cathode 
by utilizing cathode Pt sites for the direct reaction between the methanol and oxygen. 
 3
This leads to secondary reactions, mixed potentials, decreasing energy and power density, 
generation of additional water that must be managed, increasing oxygen stoichiometric 
ratio, and hence reduced overall performance [5]. Thus, the DMFC technology would 
greatly benefit both in terms of energy efficiency and output voltage from a drastic 
reduction of the methanol crossover which would contribute to its successful 
commercialization. However, recent studies have shown that even a 20% efficient cell far 
exceeds the advanced lithium batteries performance thus, making the DMFC an attractive 
option for portable power supply. But still efforts are being made in order to develop 
membranes with low methanol diffusivity, without compromising on other qualities such 
as; high ionic conductivity, good chemical and thermal stability, and cost. This includes 
modification of the Nafion® membranes, development of polymer/inorganic mineral acid 
composite membranes, partially fluorinated polymers, non fluorinated polymers and their 
combinations, and so forth.  In recent works, it has been shown that sulfonated poly 
(ether ether ketone) (SPEEK) is very promising for fuel cell application as it possesses 
low methanol permeability, good thermal stability, mechanical strength and moderate 
conductivity. SPEEK/HPAs/Y-zeolite and SPEEK/ HPAs /MCM-41 composite 
membranes with high proton conductivity and good thermal stability were prepared but 
their methanol permeability has not been studied [6].  
 
A number of techniques both electrochemical and non-electrochemical have been 
developed to measure the methanol permeability of polymer membranes using either a 
simulated fuel cell (diffusion cell set-up) or a real fuel cell. The non-electrochemical 
techniques either rely on measuring the concentration of CO2 that is produced by 
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oxidation of methanol at the cathode or the concentration of the diffused methanol by gas 
chromatography, IR sensor, mass spectrometry etc, to find the methanol flux across the 
membrane. While in electrochemical techniques a parameter is measured like current 
density, potential at open circuit voltage, limiting current density etc, which is related to 
the methanol concentration. In the development of membranes for DMFC, it is important 
to have accurate, reliable, and convenient techniques of measuring the membranes 
methanol permeability. In this work, five techniques including both electrochemical and 
non electrochemical were screened in order to suggest the best one for measuring the 
membranes methanol permeability. Potentiometric technique has been found to be the 
best. It was used in determining the methanol permeability of the prepared 
SPEEK/TPA/Y-zeolite and SPEEK/TPA/MCM-41 composite membranes. 
 
1.1 Objectives 
 
 
The objectives of this research work are: 
1) To determine best measurement technique(s) for methanol permeation through proton 
exchange membranes.  
2) To use the best technique to determine methanol permeability of    SPEEK/TPA-
/MCM-41 and SPEEK/TPA/Y-zeolite composite membranes.  
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CHAPTER 2 
 
 
2 LITERATURE REVIEW 
 
2.1 Fuel Cells 
 
 
Fuel cells have excited the minds of theoretical scientists and practical technologists for 
over 100 years, ever since the first experiments of W. R. Grove showed that the 
electrolysis of water was a reversible process, and W. Oswald provided the basic 
thermodynamic equations showing the definite advantages of “Low Temperature 
Electrochemical Oxidation” over “High Temperature Combustions” of fuels [7]. Fuel 
cells produce electricity continuously through the electrochemical oxidation of a fuel. 
Recent years have seen an upsurge in interest in fuel cells for a range of applications, in 
particular for transport and small scale static power systems. Depending on the load, fuel, 
cell type and conditions of operation a single cell has a potential of 0.5V to 1.0 V. To 
yield a sufficient high voltage, the cells are stacked, or electrically connected in series. 
 
2.1.1 Types of Fuel Cells 
 
 
Fuel cell systems can be classified according to the working temperature: High, medium 
and low (ambient) temperature systems or referring to the pressure of operation: high, 
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medium and low (atmospheric) pressure systems. They may be further distinguished by 
the fuels and/or the oxidants they use. For practical reasons fuel cell systems are simply 
distinguished by the type of electrolyte used. The following names and abbreviations are 
now frequently used in publications: Alkaline fuel cells (AFC), proton exchange 
membrane fuel cells (PEMFC), direct methanol fuel cells (DMFC), phosphoric acid fuel 
cells (PAFC), molten carbonate fuel cells (MCFC), and solid oxide fuel cells (SOFC). 
Table1 shows the classification. 
  
Table 2-1: Types of Fuel Cells 
  
Fuel Cell   
System 
Temperature 
Range 
(°C) 
Efficiency 
(%) 
Electrolyte Application Area 
AFC 60-90 50-60 KOH Space Application 
PEMFC 50-80 50-60 Polymer            
membranes 
Automobile 
DMFC 50-150 50-55 Polymer membranes Automobile/Portable 
Power generation 
PAFC 160-220 55-60 Phosphoric  acid Stationary Power 
generation 
MCFC 620-660 60-65 Li2CO3/Na2CO3 Stationary Power 
generation 
SOFC 800-1000 55-65 ZrO /Y2 2O Stationary Power 
generation 
3
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2.1.2 Direct Methanol Fuel Cells (DMFC) 
 
/OWhilst the power efficiencies of common H2 2 fuel cells continue to show steady 
improvements, there remain problems with the use of hydrogen as the active fuel: either 
this hydrogen must be obtained by in situ reformation of solid or liquid C-H fuels, such 
as petroleum, coal or methanol, or it must be pre-purified and stored as the gas under 
pressure, or in the form of an admixture with a metal alloy, carbon or some other 
absorbents [8]. In all of these cases, either there is a considerable weight penalty or there 
is increased engineering complexity, adding to costs. It remains highly desirable to design 
a fuel cell that would directly oxidize a liquid fuel at the anode, but retain the high 
power/weight ratio of the solid-polymer electrolyte fuel cells. One such fuel cells now 
under active development in Europe and the USA, is the direct methanol fuel cell. 
Methanol possesses a number of advantages as a fuel: it is a liquid up to around 65°C, 
and therefore easily transported and stored and dispensed within the current fuel network; 
it is cheap and plentiful, in principle renewable from wood alcohol, and the only products 
of combustion are CO  and H2 2O. The advantages of a direct methanol fuel cell are: 
changes in power demand can be accommodated simply by alteration in supply of the 
methanol feed; the fuel cell operates at temperatures below ~ 150 °C  so there is no 
production of NOx, methanol is stable in contact with mineral acids or acidic membranes, 
and it is easy to manufacture; above all, the use of methanol directly as an 
electrochemically active fuel hugely simplifies the engineering problems at the front end 
of the cell, driving down complexity and cost. Figure 2-1 shows a schematic of a DMFC. 
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Figure 2-1: Schematic diagram of a DMFC 
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The basic problems currently faced by the direct methanol fuel cell are [9]: 
* The anode reaction has poor electrode kinetics, particularly at lower temperatures, 
making it highly desirable to identify improved catalysts and to work at as high a 
temperature as possible. 
* The cathode reaction, the reduction of oxygen, is also slow: the problems are 
particularly serious with aqueous mineral acids, but perhaps not so serious with acidic 
polymer membranes. Nevertheless, the overall power density of the direct methanol fuel 
cells is much lower than the 600+ mW cm-2 envisaged for the hydrogen fuelled solid 
polymer electrolyte fuel cell (SPEFC). 
* Perhaps of greatest concern at the moment is the stability and permeability of the 
current perfluorosulfonic acid membranes to methanol, allowing considerable fuel 
crossover, and, at the higher temperatures needed to overcome limitations in the anode 
kinetics, degradation of the membrane both thermally and through attack by methanol 
itself.  
*  The fact that methanol can permeate to the cathode leads to poor fuel utilization, the 
appearance of a mixed potential at the cathode, since conventional cathode catalysts are 
based on platinum, which is highly active for methanol oxidation at the higher potentials 
encountered at the cathode. Experimentally, this problem has been tackled both by 
seeking alternative oxygen reduction catalysts and by increasing the Pt loading 
substantially; the latter clearly increases costs significantly. 
 
In spite of these difficulties, the DMFCs have the capability of being very cheap and 
potentially very competitive with the internal combustion engine, particularly in niche 
city driving applications, where the low pollution and relatively high efficiency at low 
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load are attractive features. Performances from modern single cells are highly 
encouraging especially with the tremendous efforts being made to provide methanol 
impermeable proton exchange membranes. Proton exchange membranes (PEMs), have 
assumed great importance especially due to their applications in fuel cells. However, the 
dominantly used per fluorinated membrane; Nafion®, displays adequate proton 
conductivity when hydrated but suffers some disadvantages, such as; methanol 
permeation, high cost and poor hydrophilicity at high temperatures ~ above 90 °C [10]. 
These drawbacks have prompted research into modifying the Nafion® membranes and 
developing alternative membranes based on partially per fluorinated ionomers and 
hydrocarbon polymers.  
 
2.2 Nafion® membranes Modification 
 
 
Nafion is a non-cross-linked ion-exchange polymer comprising of a per fluorinated 
backbone with sulfonate ionic groups attached to pendant side chains. Because of its 
structure, phase separation occurs in hydrated state between the hydrophilic regions and 
the hydrophobic ones and ionic clusters are formed. This morphology with discrete 
hydrophobic and hydrophilic regions gives the material very good properties. The well 
connected hydrophilic domain is responsible for its excellent ability to allow transport of 
protons and water easily while the hydrophobic domain provides the polymer with the 
morphological stability and prevents the polymer from dissolving in water. This explains 
the exceptional transport efficiency in hydrated Nafion. Figure 2-2 illustrates the 
chemical structure of Nafion. 
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 Figure2-2: Chemical Structure of Nafion. 
 
Water is necessary for the transport of protons but it also has high affinity to methanol 
transport. One way of reducing methanol permeation is to modify the Nafion® 
membranes by blending with either organic or inorganic materials. 
 
2.2.1 Nafion/Organic Blend Membranes 
 
 
Nafion/polypyrrole [12-13].  Nafion/poly (1-vinylimidazole) [14], Nafion/poly furfuryl 
alcohol (PFA) [15], Nafion/poly vinylidene fluoride (PVdF) [16], and Nafion/polyvinyl 
alcohol (PVA) [17] composite membranes, have low methanol permeability compared to 
the plain Nafion membranes and their proton conductivity is comparable with that of 
Nafion® membranes. However, choice of appropriate quantity of the methanol barrier 
material and thickness of the composite membranes is important in achieving the desired 
methanol permeation reduction.    
 
Also, membranes based on the aromatic poly (ether ether ketone) (PEEK) have shown 
high potentials for DMFC applications due to their low methanol permeability, good 
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thermal stability and mechanical properties and the proton conductivity can be controlled 
by the degree of sulfonation. Many studies have indicated that SPEEK membranes have 
the ability to reduce the problems associated with high methanol crossover in DMFCs. 
Multilayered membranes containing a thin inner layer of SPEEK as a barrier and two 
outer layers of recast Nafion, fabricated by hot-pressing significantly reduced methanol 
permeation in DMFC [18]. However, appropriate sulfonation degree and thickness of the 
inner SPEEK layer is particularly important in achieving the desired Nafion-SPEEK-
Nafion composite membranes. Also, Nafion-SPEEK-Nafion composite membrane 
prepared by immersing the SPEEK in Nafion-containing casting solution has low 
methanol permeability and a lesser ionic conductivity compared to that of pure Nafion® 
membranes [19].  
 
2.2.2 Nafion/Inorganic Blend Membranes  
 
 
Addition of silica to Nafion enhances water retention in the membrane and enables the 
operation of the fuel cell above 130oC. A similar method for retaining water in Nafion® at 
higher temperatures by incorporating silica and titanium dioxide into a Nafion® 
composite to enable its use in DMFC has also been reported [20]. Though the membrane 
could achieve a significant improvement in proton conductivity it may not retard 
methanol permeation. But elsewhere, it has been indicated that Nafion/silica hybrid can 
decrease the methanol crossover if appropriate silica content is used [21-22]. Nafion 
membranes containing additives such as silicon dioxide particles (Aerosil®) and 
molybdophosphoric acid will have higher proton conductivity but the combined 
parameter of methanol permeability and proton conductivity is less than that of 
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commercial Nafion® membrane [23]. This is likely due to a structural modification of the 
membrane because of the addition of inorganic components and having new interfacial 
polymer-particle particles.  
 
Also, deposition of clay-nanocomposite thin films on the Nafion membranes by layer-by-
layer assembly could enhance resistance of the membrane against methanol crossover 
[24]. Multilayer of clay nanoparticles and ionic polyacetylene PEPy-C18 deposited on 
Nafion® membranes to produce appropriate bilayer nanocomposite films with a suitable 
thickness could reduce methanol permeation of the Nafion® membrane significantly 
without much negative effect on its proton conductivity. 
 
Another means of modifying Nafion® membranes attracting interest is that of 
impregnation of Pd on the Nafion® ® membranes. The Nafion  membranes modified by 
impregnating Pd- nanophases allow selective transport of smaller water molecules or 
hydrogen ions, while the passage of larger molecules would be restricted [25]. A well 
dispersed Pd nanophase in the Nafion is effective in preventing or reducing methanol 
crossover through the membrane while at the same time maintaining good proton 
conductivity. Several other studies [26-30]  using different deposition or coating 
techniques show that Nafion/ Pd composites can significantly reduce methanol 
permeation compared to bare Nafion and does not change the membrane conductivity 
resulting into better cell performance. This could be due to the fact that during the 
deposition of Pd, the –SO3H group is not affected but the presence of the Pd reduces the 
methanol permeation. 
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®Many other inorganic materials when blended with Nafion  membranes are likely to 
show improvement on the membranes properties such as thermal stability, proton 
conductivity and lower methanol permeation. Calcium phosphate/Nafion composite 
membranes [31], Nafion doped with cesium cations [32], etc have shown evidence of 
good performance in the operation of DMFCs. The presence of cesium ions in the 
membrane, specifically in the water-rich domains, will cause a remarkable reduction of 
methanol permeation. However, the proton conductivity could be depressed to a lesser 
extent by the presence of the cesium ions in the membrane. But, at ambient conditions, 
the combined parameter of both proton conductivity and methanol permeability shows 
better performance of Cs+-doped membranes than the Nafion® 117 membranes in the 
operation of DMFC.  
 
2.3 Alternative Membranes 
 
2.3.1 Sulfonated Poly Ether Ether Ketone (SPEEK) Membranes  
 
 
Membranes based on the aromatic poly (ether ether ketone) (PEEK) seem very promising 
because in addition to their low methanol permeability they posses good mechanical 
properties, thermal stability and the proton conductivity can be controlled through the 
degree of sulfonation. The main difference between the Nafion® membranes and SPEEK 
membranes which makes the latter less permeable to methanol can be attributed to the 
difference in their microstructure. As shown in Figure 2-3, in SPEEK membranes there is 
less pronounced hydrophilic/hydrophobic separation as compared to Nafion® membrane 
and the flexibility of the polymer backbone of SPEEK produce narrow proton channels 
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and a highly branched structure, which baffle the transfer of methanol. Thus, SPEEK 
membranes have lower electro osmotic drag and methanol permeability. 
 
   Nafion    SPEEK 
     
Figure 2-3: Schematic representation of the microstructure of Nafion and SPEEK. 
 
 
 Proton conductivity of the SPEEK membranes with degree of sulfonation of 39 % and 
47 % is close to that of Nafion® 115 membranes while the methanol permeability is an 
order lower than that of Nafion® 115 membranes under the same condition [34]. At 80 
°C, the overall DMFC performance of the SPEEK membranes is better than that of 
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®Nafion  115 membrane. Furthermore, SPEEK membranes with methanol diffusion 
coefficient values of 5 x 10-8 cm2/s to 3 x 10-7 cm2/s at 25 °C which is lower compared to 
that of Nafion® -6 membranes (10  to 10-5 cm2/s) have been synthesized [35].   
 
Sulfonated poly (ether ether ketone ketones) SPEEKKs and sulfonated poly (ether ketone 
ketone) SPEKK membranes have been synthesized. They allow lower methanol 
permeation than the Nafion® membranes under the same condition [36-37]. The 
SPEEKKs membranes show high thermal stability, good proton conductivities and 
methanol diffusion coefficients of 6.6 x 10-7 -7 to 8.6 x 10  cm2/s. However, the SPEEKKs 
membranes did not show better performance over SPEEK membranes in the DMFC 
application.  
 
2.3.2 SPEEK Composite Membranes 
 
 
Although methanol permeability values of SPEEK membranes are low compared to that 
of Nafion® ® membranes, their proton conductivity is not as good as that of Nafion  
membranes. In order to improve the proton conductivity, various inorganic materials such 
as SiO2, ZrO2, heteropolyacids and phosphates has been successfully used to enhance 
proton conductivity, and control the methanol permeability as can be seen in Figure 2-4 
[38-39].  
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Figure 2-4: Effects of different HPAs on the conductivity of composite membranes as a function of 
temperature (70% DS).                                                                                                
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However, the incorporation of heteropolyacids alone into the matrix of SPEEK could 
lead to an increase in water and methanol permeation through the membrane which is 
highly undesirable for application in the DMFC [40]. The permeability can be 
remarkably reduced by adding appropriate amount of zirconium oxide (ZrO2). The 
inorganic network reduces the methanol and water crossover through the membrane and 
also decreases the bleeding out of the heteropolyacids.      
 
Composite membranes prepared by incorporating Laponite and Montmorillonite (MMT) 
into a partially sulfonated PEEK polymer also help to reduce swelling in hot water 
significantly and reduce methanol permeability without a serious reduction in the proton 
conductivity [41]. The membranes are thermally stable up to 240 °C and have good 
conductivity. Figure 2-5, shows that the methanol flux across SPEEK/Lapo10 composite 
membrane is far lower than that of Nafion® 115 membrane. The SPEEK membrane also 
displays lower methanol permeability compared to the Nafion® 115 due to the difference 
in their microstructure.  
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Figure 2-5: Methanol permeability in Nafion® 115 and composite membranes. 
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Composite membranes prepared by incorporating BPO4 fine powder into partially 
sulfonated PEEK polymer have conductivity higher than that of pure SPEEK and in some 
cases the conductivity can exceed that of HPAs/SPEEK composite membranes. The 
composite membranes are mechanically strong and flexible at DS<80% and their 
conductivity is not affected by storage in water for several months. These membranes 
(BPO4/SPEEK) offer less expensive alternative, and thus, have great potential for use in 
DMFC. 
 
Also, SPEEK composite membranes prepared by blending different proportions of solid 
proton conductors; TPA and MPA loaded Y-zeolite into the SPEEK polymer matrix have 
shown promise of good performance. The conductivity of the composite membranes 
increases as the loading of solid inorganic material increases from 10 wt. % to 40 wt. % 
and also with temperature [6]. The maximum conductivity of SPEEK/TPA/Y-zeolite is in 
the order of 10-2 S/cm and the membranes are stable up to 140 °C. However, methanol 
permeability study of these composite membranes is one of the objectives of this 
research. 
 
2.3.3 Sulfonated Poly-Styrene Membranes (SPS) 
 
Commercial non-cross-linked poly (styrene) can be partially sulfonated to various 
degrees, obtaining a homogeneous distribution of the sulfonic acid groups in the polymer. 
Membrane cast from these materials exhibit proton conductivity similar to that of 
Nafion® membrane [42]. In the same way, the permeability to methanol also increases 
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with the density of the sulfonate groups in the polymer. However, even at the highest 
degree of sulfonation, the permeability of SPS is comparatively small. 
2.3.4 SPS/PTFE Composite Membranes 
 
Sulfonated polystyrene/polytetrafluoroethylene (SPS/PTFE) composite membranes 
prepared for DMFC application show comparable ion conductivity and lower methanol 
permeability than Nafion® 117 membrane, indicating that the composite membranes can 
compete well with the Nafion® membranes in the DMFC application [43].  The 
sulfonated composite membranes have higher water content than the Nafion® membrane, 
presumably due to the higher sulfonic acid content with its strong affinity to water, which 
would be expected from the higher ion-exchange capacity (IEC) values. The water 
content of the composite membranes has an inverse relationship with the PTFE content 
because more cross linked networks reduce the membrane free volume and the swelling 
ability. This shows that the water content, which greatly influences the methanol 
permeation and ion conductivity, can be controlled by changing the ratio of monomer 
(styrene) to cross linker TFE. 
 
However, as the PTFE content is increased, the methanol diffusivity decreases but ion 
conductivity also decreases fairly. A membrane with highest value of the ratio of ion 
conductivity to the methanol permeability (Ф = ion conductivity/methanol permeability) 
is regarded as the best. It is evident from Figure 2-6, that ion conductivity to methanol 
permeability ratio (Ф) is higher in the SPS/PTFE composite membranes than in Nafion® 
membranes. 
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Figure 2-6: Comparison of the Ф (S/cm) parameter of Nafion and the SPS/PTFE composite 
membranes. 
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2.3.5 Poly (Vinylidene) Fluoride (PVdF) Composite Membranes 
 
 
Composite poly (vinylidene) fluoride (PVdF)-based proton conducting membranes have 
low methanol permeation, high proton conductivity (which shows less dependence on the 
water content), and low cost, [44]. Polymer blends of 1:9 ratios PVdF/SPEEK have 
methanol permeability of about 5% that of Nafion® 115 under the same testing condition. 
However, the proton conductivity of this composite membrane is 1.75 x 10-3 S/cm, which 
is lower than that of Nafion® 115 membrane. Furthermore, PVdF/poly syrene sulfonic 
acid (PSSA) composite membranes also have low methanol crossover during operation of 
DMFCs compared to the Nafion ® membranes [45, 46]. The low methanol permeation, 
good proton conductivity, stability and excellent water management of PVdF/PSSA 
membranes improve fuel cell performance. Poly styrene sulfonic acid (PSSA) is also a 
good blending material for proton exchange membranes. PSSA/polyvinyl alcohol has low 
methanol permeability and good proton conductivity, which can enable them to perform 
well in the DMFC operation.  
 
2.3.6 Poly-Ethylene Tetrafluoroethylene -based Membranes 
 
 
Methanol permeation through poly (ethylene tetrafluoroethylene) (ETFE) membrane 
investigated at temperatures of 30 °C, 50 °C and, 70 °C showed 90% reduction in the 
permeability values compared to the Nafion® 115 membrane [47]. In addition, the ETFE-
based membranes are cheaper, have good chemical and mechanical stability. However, 
the efficiency of this membrane is about 40-60% lower than the efficiency of the DMFCs 
with the Nafion® 115 membrane due to lower proton conductivity and high IR-losses of 
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the MEAs. But radiation grafted polymer electrolyte membranes prepared using ETFE, 
poly vinylidene fluoride (PVdF) and low-density polyethylene (LDFE) as base polymer 
films and polystyrene sulfonic acid (PSSA) as proton-conducting groups have good 
performance in the DMFCs [48]. With appropriate degree of grafting and membrane 
thickness, membranes with suitable conductivity and low methanol permeation superior 
to Nafion® membranes can be produced.  
2.3.7 Polyphosphazene-based Membranes 
 
 
Studies of methanol crossover in proton-conducting polyphosphazene membranes show 
that polyphosphazene-based proton-exchange membranes have low methanol 
permeability and good proton conductivity [49, 50]. These membranes have been tested 
in the DMFCs and have shown good performance.  
 
2.3.8 Polyvinyl alcohol/mordenite 
 
 
Polyvinyl alcohol/mordenite composite membrane prepared using appropriate quantity of 
mordenite and heat treatment could significantly reduce the permeation of methanol 
molecules [51]. However, to achieve this improvement, there should be a suitable 
tailoring of the transport properties between the polymer and the zeolite phases. The 
zeolite phases allow the transport of electrons but inhibit that of methanol molecules, 
thus, making the membrane less permeable to methanol.  
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2.4 Improved Electro oxidation Catalysts 
 
Some attempts have been made to improve the activity of the electro oxidation catalyst 
which is also seen as helping to reduce the methanol permeation. When the catalyst 
activity is very high more of the methanol is expected to get oxidized instantly there by 
reducing the amount permeating to the cathode side. Pt – based electro oxidation catalysts 
display the necessary stability in the acidic environment of DMFC, although much 
progress is still needed, they show significant activity. Reaction mechanism for methanol 
oxidation in aqueous electrolyte has been suggested as follows [52]: 
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One problem associated with the methanol dehydrogenation on the Pt-electrode surface is 
poisoning of the electrode by CO formed as an oxidation intermediate. The CO can 
adsorb very strongly on the Pt surface blocking the active sites and causing a large 
decrease in the electrode performance. In order to overcome the poisoning problem, Pt-
Ru alloy catalysts have been in use. Ru can dissociate water at lower potential to create 
oxygen-containing surface groups needed to convert CO to CO  [53]. It forms Ru-OH2 ads 
species at lower potentials, which helps to oxidize the adsorbed CO through the 
bifunctional mechanism. Weakening of the Pt-CO bond takes place in the alloy, resulting 
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in a lower CO coverage and an increased mobility similar to what happens with other 
CO-tolerant Pt alloys, via the modification of the Pt electronic structure by alloying.        
 
So far, the Pt-Ru alloy has shown the most promising performance for the hydrogen 
oxidation reaction in the presence of CO and also for the oxidation of methanol. Carbon 
black has been used as support for the metal nano particles, particularly Vulcan XC-72 
(Cabot) which has a surface area of 240 m2/g. Methanol oxidation starts at lower 
potential values for all the Pt-Ru/C catalysts than for Pt/C anodes. Comparison of 
electrodes prepared with Pt and Pt-Ru as electro catalyst supported on nano tubes and 
those prepared with the most usual support, Vulcan XC-72 shows multi wall carbon nano 
tubes produce Pt-Ru/MWNT catalysts with better performance than on other supports, 
particularly with respect to those prepared with the traditional Vulcan XC-72 carbon 
powder [54].   
 
2.5 Methanol Crossover Measurement Techniques 
 
 
It is important to have accurate, reliable, and convenient methods of measuring the 
methanol permeation in the development of membranes for DMFC. A number of 
methods have been developed to determine the methanol permeability of membranes 
using both a real DMFC and simulated system. 
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2.5.1 Monitoring CO2 from cathode of DMFC 
 
Early studies on the methanol permeation problem in the DMFC revealed that the 
methanol permeating to the cathode side oxidizes to CO2 [55]. Since then a widely used 
technique to measure the methanol permeation in a DMFC is to determine the CO2 
content of the cathode exhaust gas flux using an optical IR CO2 sensor [56-58]. However, 
during the operation of DMFC part of the CO2 produced in the anodic catalyst layer 
permeates through the perfluorosulfonate membrane to the cathode side as shown in 
Figure 2-7. Also, as can be observed, there is incomplete oxidation of the methanol at the 
cathode. Studies have confirmed this anodic CO2 contribution and neglecting it could 
result in overestimation of the methanol flux value [59, 60].  
 
For low methanol concentration, methanol permeation reduces with increasing current 
density which implies low production of CO2 at the cathode. Thus, at high current 
densities and low methanol concentration (<1M) the amount of CO2 crossing from the 
anode to the cathode can even be higher than the amount of CO2 produced at the cathode 
by methanol oxidation [61]. Therefore, the presence of anodic CO2 and incomplete 
oxidation of methanol at the cathode side have to be considered in order to avoid 
reporting wrong values for the methanol crossover flux. The contribution of CO2 coming 
from the feed air at the cathode should also be considered for accurate measurement. 
Precise amount of anodic CO2 permeating through the membrane to the cathode side can 
be obtained using a methanol tolerant cathode layer which does not oxidize the 
permeated methanol. Also, using gravimetric determination of BaCO  the CO3 2 produced 
both at the anode and the cathode can be analyzed [62].  
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Figure2-7: Schematic diagram of DMFC showing CO2 crossover 
 
3 2 2
2 2
3 2 2 2
: 6 6 ......................(1)
3: 6 6 3 ...................................(2)
2
3: 2 .............................(3)
2
Anode CH OH H O CO H e
Cathode O H e H O
Overall CH OH O CO H O
+ −
+ −
+ ⇒ + +
+ + ⇒
+ ⇒ +
 
Anode
CO2
H2O 
CH3OH 
Proton Exchange 
Membrane CO2
H2O (vapor) 
O2
CH3OH 
O2
H2O (vapor) 
Cathode
V 
H+
CH3OH 
CO2
H2O 
O2
e-
   CH3OH 
      H2O 
e-
 29
2.5.2 Open Circuit Voltage (OCV)  
 
 
Open circuit voltage values obtained using a DMFC can be used to determine the 
membrane diffusivity. Barragan et al [63] studied the effect of varying cathode pressure 
between 1 atm to 5 atm on the OCV of a DMFC while maintaining the anode pressure at 
atmospheric condition.  They developed a model equation which relates the OCV with 
the membrane diffusivity and found the diffusivity of Nafion® membranes to be in the 
order of 10-5 cm2/s.  
 
( )21 2ln
o o
cell
POCV E D
1P M G P P
γ⎛ ⎞= − −⎜ ⎟ + −⎝ ⎠       (1)               
 
   Where  and are the anode and cathode pressures respectively, 1P 2P
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Figure 2-8 shows the OCV values versus cathode pressure for the Nafion 115 membrane. 
These OCV values can be fitted to the model equation by using a three-parameter (γ, M 
and G) non-linear regression method for the membranes. The parameters are function of 
the membrane diffusivity. 
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Figure 2-8: OCV as a function of the cathode pressure for Nafion 115 membrane at different DMFC 
operation times. The dotted lines correspond to the model equation; (o) first measurement; (z) 
second measurement; (□) third measurement. 
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Though OCV values are useful in determining membranes diffusivity care should be 
taken to make sure that correct values are recorded. When a cell is on load before it is put 
to the open circuit condition, the OCV jumps and reaches a peak in seconds. The voltage 
at this peak is just a transient value. After some minutes the voltage will drop until it 
stabilizes to a constant value which should be taken as the real OCV value [53].   
 
2.5.3 Limiting Current Measurements 
 
 
Methanol crossover fluxes can also be determined using diffusivity value of the 
membrane obtained by limiting current density measurements. If the methanol 
permeation is due to diffusion only, then the diffusivity is given as [58]: 
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However, corrections for electro-osmotic drag effects are necessary even for low 
methanol concentrations; as such need to be taken into account for accurate methanol 
crossover flux measurement in a DMFC at open circuit voltage [58]. With the correction, 
the diffusivity becomes: 
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m kFC
lJD
6
lim=      (2) 
Where  limJforfactorcorrectiondragkdl =
 
2.5.4 Gas Chromatography (GC) 
 
 
Gas chromatography is a non electrochemical technique that can be used to determine the 
concentration of the permeated methanol ( ) with time in the receiving compartment 
of a diffusion cell set-up. Normally, a capillary column in combination with a flame-
ionization detector (FID) is used to determine the concentration of the methanol in the 
aqueous methanol solution after a certain crossover time. If the supporting electrolyte is 
aggressive, such as H
( )B tC
SO2 4, then a HP-Innowax capillary column inserted in a GC using a 
FID should be used [64].  The technique apparently works fine, however the samples 
taken are prone to contamination before the GC analysis. Taking the samples to the GC 
for analysis also introduces additional work. However, if an online GC is available these 
problems will be resolved. But the presence of acidic electrolyte solution (H SO2 4) needs a 
GC column that can withstand the acidic medium. In the DMFC, the permeated methanol 
oxidizes to CO2.  Thus, relying on measuring the methanol concentration using GC is 
unsuitable when a real DMFC is used. Nevertheless, the technique could still be useful 
for preliminary screening of membranes in a diffusion cell set-up. 
 
Similar to the gas chromatographic method where the methanol concentration of the 
receiving compartment ( ) is monitored with time, in a variation of this method the ( )B tC
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receiving compartment is connected to a vacuum system that allows pervaporation of the 
crossed methanol [65]. The vaporized methanol is collected in cryogenic traps. This 
method could be cumbersome and like the gas chromatography is useful only for 
membranes screening since it does not simulate fuel cell conditions well.  
2.5.5 Mass Spectrometry 
 
 
Mass spectrometry of liquid samples of the cathode outlet stream is another way of 
determining the methanol crossover flux. For mass spectrometric measurements of 
methanol crossover, a clear description of the respective system could be achieved by 
measuring the background methanol signal of a cell filled with distilled water and 
equipped with the membrane sample, and subsequently adding well-adjusted portions of 
aqueous or pure methanol to this liquid. The slopes of mass signal vs. time curves are 
typical for diffusion-controlled processes and with the help of the calibration lines the 
diffusion coefficient of methanol through the membrane can be calculated. Wang et al 
[56] employed an on-line analysis of the cathode exhaust gas with multipurpose 
electrochemical mass spectrometry to determine the methanol crossover rates. They 
determined the methanol permeability for different water/methanol mole rations fed to 
the anode and observed that the methanol crossover rate can be reduced by appropriate 
choice of water/methanol mole ration. However, they made the assumptions that the 
entire permeated methanol gets converted to CO  and did not consider the anodic CO2 2 
contribution both of which can affect the results.  
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2.5.6 Cyclic voltammetry and chronoamperometry 
 
 
Voltammetric and chronoamperometric techniques are widely used recently to determine 
the methanol crossover flux through polymer membranes intended for use in direct 
methanol fuel cell [52, 66-68]. These techniques can be used with either a real fuel cell or 
a simulated one (diffusion cell). In the diffusion cell set-up the methanol concentrations 
in the receiving compartment ( ) are obtained by recording the cyclic 
voltammograms (CVs) and chronoamperometric curves using AUTOLAB or EG & G 
PARC potentiostat/galvanostat with a programmable power supply. With these 
techniques the methanol diffusivity through the membrane can be studied both 
qualitatively and quantitatively. Figure 2-9 shows the permeability curves at different 
methanol concentration obtained by Ramya et al [66] using these methods.  However, 
better results would be obtained if the methanol concentration in the receiving 
compartment is considered to be increasing with time instead of assuming it to be 
negligible especially when high initial methanol concentration is used in the reservoir 
compartment. They suggested an optimum concentration of 1-2 M solution for operation 
of fuel cells. 
( )B tC
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Figure 2-9: Permeability curves at various concentrations. 
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2.5.7 Potentiometric Technique 
 
 
A potentiometric method has been developed for measuring methanol crossover and 
tested using Nafion membrane [69]. The slope dE
dt
⎛⎜⎝ ⎠
⎞⎟  of potential (E) versus time (t) 
curve was found to be proportional to the crossover rate. Figure 2-10 shows a plot of 
dE
dt
⎛⎜⎝ ⎠
⎞⎟  versus t (time), indicating higher crossover flux initially which reduces with time. 
The potential (E) of a working electrode measured in the methanol receiving 
compartment has an inverse relationship with the methanol concentration. As such, the 
potential (E) values obtained with time can be used to determine the methanol 
concentrations ( ) as a function of time. Plot of (( )BC t ( )BC t ) versus time will give 
values of  BdC
dt
 . This slope will initially be high as the crossover starts but decreases as 
the flux reduces until it becomes zero at equilibrium concentration. An average methanol 
crossover flux can be obtained using flux relationship given as: 
(1)B BA
V dCj
A dt
=  
 Thus, the measurement of the electrode potential is useful in determining the methanol 
crossover flux across polymer electrolyte membranes.  
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( )dE dtFigure 2-10: Variation of  during CH3OH crossover  
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2.6 Working Electrode Positioning  
 
 
In the diffusion cell study of the methanol crossover through polymer membranes the 
positioning of the working electrode is very important. The best way is to attach the 
working electrode on the membrane or to prepare it on the membrane by suitable method; 
such as electroless deposition. Nanosize Pt electrode prepared by electroless deposition 
can be used as the working electrode for the electrochemical techniques [52]. Attaching 
the electrode on the membrane enhances the methanol oxidation current detection and 
gives the actual flux value without any effect of mass transfer resistance encountered 
when the electrode is placed somewhere in the bulk solution away from the membrane 
surface. Even small distance away from the membrane surface; say 100 μm, can affect 
the results because the methanol oxidation current may not be detected [67].  Thus, the 
working electrode should be placed appropriately for accurate results. 
 
One of the challenges of using Pt electrode in determining methanol permeability of 
membranes by electrochemical oxidation method is poisoning. The Pt could be poisoned 
by the CO produced as an intermediate during the dehydrogenation process. Pt-Ru 
catalyst is more suitable because Ru can dissociate water at lower potentials to create 
oxygen-containing surface groups that are needed to convert CO to CO  [53].  2
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CHAPTER 3 
 
3 EXPERIMENTAL SET-UP AND PROCEDURE        
 
3.1 Methanol Permeability Determination  
 
3.1.1 Cell Design and Experimental Set-up 
 
 
A schematic diagram of a two-compartment diffusion cell fabricated for the experiments 
is shown in Figure 3-1. Each compartment has a volume of about 220ml. The 
compartments have a provision to put a working electrode, reference electrode, counter 
electrode and a stirrer. The prepared diffusion cell was connected to a potentiostat as 
shown in Figure 3-2 in order to conduct the measurements. Three electrochemical 
techniques; cyclic voltammetry, chronoamperometry, and potentiometry were conducted 
experimentally. The procedure of each one of them is described in this section.   
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Figure 3-1: Schematic Diagram of the Fabricated Cell 
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Figure 3-2: Experimental Set-up 
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3.1.2 Procedure for Cyclic Voltammetry  
 
 
The two-compartment diffusion cell set-up was used to determine the permeability of 
Nafion® 117 membrane in methanol solutions. The Nafion® 117 membranes (DuPont) of 
0.18mm thickness was first treated with 3% hydrogen peroxide solution, distilled water, 
0.5M sulfuric acid solution successively, and stored in distilled water. A membrane of an 
area of 13.85 cm2 was placed between the two compartments by a screw clamp. Each cell 
of about 220ml capacity has a provision to introduce the working electrode (Pt wire), 
counter electrode (Pt foil), reference electrode (Saturated Calomel Electrode, (SCE)), and 
a stirrer. An experiment was started by putting 110ml of deoxygenated supporting 
electrolyte (0.5M H SO2 4) into each of the compartments. Then 110ml of deoxygenated 
methanol solution of known concentration was added to the reservoir compartment (cell 
A) and an equal volume of distilled water was added to the receiving compartment (cell 
B) to maintain equal hydrostatic pressure, and also equal concentration of the supporting 
electrolyte on both sides of the membrane. All the three electrodes were put in the cell 
where readings were to be taking. The working electrode (Pt wire) is placed as close to 
the membrane as possible. CVs were recorded using AUTOLAB Potentiostat (GPES). 
Potential limits of -0.25V to 1.2V, with step increase of 0.003mV were used. The 
experiments were carried out at 21 ± 2 °C.  
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3.1.3 Procedure for Chronoamperometry 
 
 
The same procedure like in the cyclic voltammetric technique was used for the 
chronoamperometric technique except that in the chronoamperometry a single value 
potential was given. From the cyclic voltammograms, it was established that the 
methanol oxidation takes place at 0.65V vs. SCE which agrees with the literature value 
reported. This potential (0.65V) was used in the chronoamperometry to determine the 
current generated due to the methanol oxidation at the Pt electrode in the receiving 
compartment. Methanol concentrations were determined using the concentration vs. 
current calibration curve.  
3.1.4 Procedure for Potentiometric Technique 
 
 
Just like in the cyclic and chronoamperometric techniques the same diffusion cell set up 
and procedure were used for the potentiometric technique except that instead of recording 
CVs or chronoamperometric curves, potential (E) was recorded versus time (t). The 
experiment was started by taking 110ml of deoxygenated 0.5M H SO2 4 (supporting 
electrolyte) into both the reservoir and receiving compartments. All the three electrodes 
were put in the receiving compartment with careful placement of the working electrode 
(Pt wire) as close to the membrane as possible. The potential of the Pt wire (working 
electrode) in 0.5M H SO2 4 was monitored for an hour to ensure a stable value, which is 
about 0.52V vs. SCE. Then 110ml of deoxygenated methanol solution of known 
concentration was added to the reservoir compartment (cell A) and equal volume of 
distilled water was added to the receiving compartment (cell B) to maintain equal 
hydrostatic pressure, and equal concentration of the supporting electrolyte on both sides 
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of the membrane. While stirring the reservoir compartment, the potential of the Pt wire 
electrode in the receiving compartment was recorded during the permeation period using 
AUTOLAB Potentiostat/galvanostat (GPES). After methanol reaches the receiving 
compartment, the Pt electrode senses the methanol and its potential tends to shift. 
Methanol concentrations were obtained using the potential vs. concentration calibration 
curve. The experiments were carried out at 21 ± 2 °C. 
3.2 Composite Membranes Preparation 
 
3.2.1 Loading of Tungstonphosphoric acid onto MCM-41 and Y-zeolite  
 
 
Loading of the tungstonphosphoric acid (TPA) onto MCM-41 or Y-zeolite and 
preparation of the composite membranes were carried out as described in the literature 
[6].  A known amount of TPA was dissolved in distilled water and few drops of dilute 
hydrochloric acid (HCl) added in order to avoid hydrolysis of the TPA. Then required 
amount of MCM-41 or Y-zeolite was added to make a suspension, followed by 
sonification for 30 minutes. The suspension was then heated at around 80 °C to 100 °C 
while stirring until all the water was evaporated to obtain a concentrated solid material 
which was dried in an oven at 200 °C for 5hrs. The concentrated material was then 
grounded into fine powder and stored in a glass tube for use. The TPA/ MCM-41 or Y-
zeolite powder particles were made very fine in order to have good dispersion into the 
polymer matrix (SPEEK). 
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3.2.2 Membranes Preparation  
 
 
Solution casting method, which is normally used for preparing dense polymeric 
materials, was used in preparing the composite membranes. A known amount of SPEEK 
1.6 IEC was dissolved in dimethylacetamide (DMAc, 99% grade) and required amount of 
the MCM-41 or TPA/Y-zeolite material was added to make a suspension. While stirring, 
the suspension was heated at 100 °C -140 °C for about 5 hrs until most of the solvent 
(DMAc) was evaporated and a viscous mixture was obtained. The viscous mixture was 
then cast onto a flat glass plate and spread using a casting knife. The cast membranes 
were dried at ambient temperature and then, at around 80°C in an oven.  
 
3.3 Determination of Methanol Permeability of the SPEEK/TPA/ MCM-41 or Y- 
zeolite Composite Membranes 
 
 
Potentiometric technique was used in determining the methanol permeability of the 
SPEEK/TPAs/Y-zeolite or MCM-41 composite membranes. The membranes were 
pretreated with 3% hydrogen peroxide solution, distilled water, 0.5M sulfuric acid 
solution successively, and stored in distilled water. They are stable up to 150 °C in the 
acidic medium. The procedure described in section 3.1.2 was exactly followed to record 
the potential (E) values versus time (t) which were converted to concentrations using the 
potential vs. concentration calibration curve. 
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CHAPTER 4 
 
4 RESULTS AND DISCUSSION 
 
4.1 Determination of Methanol Permeability of Nafion® 117 Membrane  
 
 
Five techniques for determining methanol permeability of proton exchange membranes 
were considered and evaluated in this work. Monitoring CO2 content at the cathode 
exhaust of DMFC and measuring concentration of the diffused methanol using gas 
chromatography (GC) were found to have inherent drawbacks (as contained in the 
literature review) that make them unsuitable. Cyclic voltammetry, chronoamperometry 
and potentiometric techniques were conducted experimentally.  
 
These techniques rely on measuring current density or potential values which can be 
converted to methanol concentration. Theoretically, the concentration, flux and 
permeability relationship can be derived using a simple sketch of a two- compartment 
diffusion cell (Figure 4-1), and some mass transfer equations. 
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Figure 4-1: Schematic of methanol crossover through a membrane  
from reservoir compartment (A) to receiving compartment (B). 
 
Unsteady state material balance on the receiving compartment (B) yields;  
(1)B BA
V dCj
A dt
=  
 Where;  
Aj = Methanol flux from the reservoir compartment ( A ) to receiving compartment ( B ) 
  = Volume of compartment BV B  
 A = Membrane area  
BC = Methanol concentration in the receiving compartment 
 t = Time 
 
Simplified expression for Fick’s law is given as; 
( )A A B
D Kj C C
l
= − (2)  
Where; 
D  = Methanol diffusivity (assumed to be constant inside the membrane)  
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K = Partition coefficient (constant).  
DK = Membrane permeability. 
 l = Membrane thickness 
 = Methanol concentration in the reservoir compartment AC
 
Combining equation (1) and (2) gives: 
( )BB A B
dC D KV A C C
dt l
= − (3)
B
 
 
Taking methanol molar balance for the two compartments gives; 
(4)
OA A A A B B
C V C V C V× = × + ×  
Assuming  always, then: AV V
( )
0
( )
00
( 2 ) (
,
1 (6)
2
B t
OB
B
B A B
C t
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dC D KV A C C
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D K
dC A dt
C C t V l
= −
=−∫ ∫
5)
    
 This simplifies to; 
( )
0
2
ln (1 ) 2 ( ) (7)
O
B
A B
C t D KA t t
C V l
− − = −
        
Where; 
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2OA
B t
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C
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  If (t) is known, then from the slope of linear plot of equation (7), the permeability 
( ) of the membrane could be obtained. An average methanol crossover flux can be 
determined using 
BC
DK
BdC
dt
( )BC t values and equation (1).  is expressed as follows:
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 From equation (3), if C  >> ( )A ( )BC , then: t
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0 0
( ) (9B A
B
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0iA
C  = Methanol initial concentration in the reservoir compartment,  
2
0 .6
L t  = Time lag related to diffusivity as t  
D
=
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4.1.1 Cyclic Voltammetry  
 
 
Cyclic voltammetry is an electrochemical technique that can be used to study methanol 
crossover both qualitatively and quantitatively. It is expected that the only electron 
transfer reaction which can occur at the working electrode surface, within the potential 
range under consideration, is the methanol oxidation. 
3 2 6 6 (CH OH CO e H
− +→ + +              
3
( ) (CH OH at the electrode surfacek C=      Rate of oxidation   
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Based on the established theoretical relationship between current density and 
concentration of reactant species (methanol in this case), the cyclic voltammetric 
technique has been used by many researchers to determine methanol permeability of 
proton exchange membranes. This technique is employed here. Figure 4-2 shows 
voltammograms obtained for different methanol concentrations at a scan rate of 
100mV/s. As can be observed, the methanol oxidation current peak increases with 
increasing methanol concentration. The oxidation current peak values were plotted 
against the methanol concentration as shown in Figure 4-3, to obtain a calibration curve. 
The calibration curve was then used to convert measured current densities in both the 
reservoir compartment (A) and the receiving compartment (B) to methanol 
concentrations. 
 
  
 
 
 
 
 
 
 
 
 
 
 51
  
 
-2.0E-05
0.0E+00
2.0E-05
4.0E-05
6.0E-05
8.0E-05
1.0E-04
0 0.2 0.4 0.6 0.8 1 1.2
Potential  E / V vs  SCE
C
ur
re
nt
 D
en
si
ty
  A
 / 
cm
 2
2.5M
1.75M
1.25M
0.5M
 
Figure 4-2: cyclic voltammograms at a scan rate of 100mV/s for different methanol concentrations.  
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       Figure 4-3: Calibration curve for the cyclic voltammetry. 
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Having done the calibration for the current density against the methanol concentration, 
the experiment was then conducted to determine the methanol crossover flux of Nafion® 
117 membrane. The Nafion® 117 membrane was placed between the two compartments 
and the procedure for the cyclic voltammetry mentioned in section 3.1.1 was followed. 
 
However, during the experiment the methanol oxidation current peaks for the receiving 
compartment could not be detected immediately. This could be expected because the 
working electrode was placed somewhere in the bulk solution a little bit away from the 
membrane surface. Attaching the electrode on the membrane surface enhances the 
methanol oxidation current peak detection and reduces the effect of mass transfer 
resistance. It has been reported that methanol oxidation current peak may not be detected 
even for a small distance away from the membrane surface [67]. Thus, the positioning of 
the working electrode is very important. The best way is to attach the working electrode 
on the membrane or to prepare it on the membrane by suitable method; such as 
electroless deposition [52].  
 
Nevertheless, using the methanol molar balance expression for the two compartments 
(equation 4), concentrations for the receiving compartment CB can be obtained if the 
concentrations in the reservoir compartment CA are known. Figure 4-4 shows 
voltammograms obtained for the methanol reservoir compartment (side A) at different 
time periods for 2.5M initial methanol concentration. It can be seen that, the methanol 
oxidation current peak decreases with time indicating the loss of methanol due to the 
crossover to the receiving compartment (side B). 
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Figure 4-4: Cyclic voltammograms at a scan rate of 100mV/s for the reservoir compartment (side A) 
at different time for 2.5M initial methanol concentration.  
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The methanol molar balance expression (equation 4) was used to obtain the concentration 
values for the receiving compartment CB. These values and the model equation 
(equation7) were used to make a linear plot, Figure 4-5. The slope of the plot is related to 
the membrane permeability. 
 
Using the model equation; 
0
2* ( )ln (1 ) 2 ( )
2.5 B
CB t ADK t t
V l
− − = −  
Where  2 313.85 , 220 , 0.02 , 8*10 /BA cm V cm l cm and slope s
−= = = = 6
1
 
This implies; 
6 2( ) 1.27 10DK x cm s− −=Permeability  
  
 
In the cyclic voltammetry, the methanol oxidation current peak varies with the scan rate 
as shown in Figure 4-6. This implies that researchers using different scan rates will 
observe diverse current readings resulting in varying concentration values. This would 
result in reporting different permeability and crossover flux values. Thus, in order to use 
cyclic voltammetric technique accurately for concentration determination, a constant scan 
rate has to be maintained throughout the experiment.   
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Figure 4-5: Plot of concentration model equation vs. time for an initial methanol concentration of 
2.5M. 
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Figure 4-6:  Cyclic voltammograms at different scan rates after 6 hrs for the receiving compartment 
(Side B) for 2.5M initial methanol concentration in the reservoir compartment.  
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4.1.2 Chronoamperometry 
 
 
Just like in the cyclic voltammetry, a calibration of current density against methanol 
concentrations was first determined. In the chronoamperometric experiment, a single 
value potential was given and current readings of both the reservoir and the receiving 
compartments were recorded at various time intervals. It has the same theoretical 
foundation with the cyclic voltammetry. In all the voltammograms it can be observed that 
the oxidation current peaks appeared at around 0.65V potential Vs SCE, which is similar 
to the value reported in the literature [69]. This potential (0.65V) was used in the 
chronoamperometry to determine the current generated due to the methanol oxidation at 
the Pt electrode in the two compartments with time. The current readings taken were then 
converted to methanol concentrations using the calibration curve. Chronoamperometry 
has the advantage of being applicable even when small concentrations are to be 
determined. Figure 4-7 shows chronoamperometric curves for different methanol 
concentrations at 0.65V vs. SCE. 
 
It can be observed that the current density increases with increasing methanol 
concentration just like in the cyclic voltammetric technique. The current density values 
were plotted against the methanol concentration as shown in Figure 4-8, to obtain a 
calibration curve. The calibration curve was then used to convert measured current 
densities in both the reservoir compartment (A) and the receiving compartment (B) to 
concentrations 
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Figure 4-7: Chronoamperometric curves for the methanol oxidation at 0.65V vs. SCE for different 
concentrations.  
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Figure 4-8: Calibration curve for the chronoamperometry. 
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Chronoamperometric curves showing the methanol oxidation current for the receiving 
compartment (side B) for an initial methanol concentration of 2.5M at different times are 
shown in Figure 4-9. It can be observed that the current density increases with time 
indicating increasing methanol concentration in the receiving compartment. Also, 
chronoamperometry curves for both the reservoir compartment (side A) and the receiving 
compartment (side B) are shown in Figure 4-10. The chronoamperometry curves for the 
reservoir compartment show decrease in the current density with time indicating loss of 
methanol. While the curves for the receiving compartment show rise in the current 
density with time corresponding to increase in the methanol concentration in that 
compartment. The obtained concentration values for the receiving compartment and the 
model equation (equation7) were used to make a linear plot as shown in Figure 4-11.  
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Figure 4-9: Chronoamperometry curves at 0.65V vs. SCE for the receiving compartment (side B) at 
different time for 2.5M initial methanol concentration. 
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Figure 4-10: Chronoamperometry curves for both the reservoir compartment (side A) and the 
receiving compartment (side B) at different time for 2.5M initial concentration. 
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Figure 4-11: Plot of concentration model equation vs. time for an initial methanol concentration of 
2.5M. 
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Using the model equation; 
0
2* ( )ln (1 ) 2 ( )
2.5 B
CB t ADK t t
V l
− − = −  
2 313.85 , 220 , 0.02 , 7*10 /B
6A cm V cm l cm and slope s−= = = =  Where 
 
This implies; 
6 2) 1.11 10DK x cm s 1− −=Permeability (  
 
4.1.3 Potentiometric Technique 
 
 
The mechanism of electro-oxidation of is complex in nature because the 
reaction involves a transfer of six electrons resulting in mixed potential. Dissociative 
adsorption of on the electrode surface is assumed to be the important step in the 
mechanism. Thus, equilibrium is assumed to be established at the Pt electrode; 
3CH OH
3CH OH
3 2( )Pt CH OH Pt CH OH H e
+ −+ → + + (1)    
Nernst equation relates the potential of reaction (1) to concentration as follows [69]: '( )E
' 0 ln (2)B
ad H
CRTE E
F Cθ +
⎛ ⎞⎛ ⎞= − ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 
0E  is the standard electrode potential and adθ the surface coverage by the adsorbed 
species. Expressing equation (2) interms of gives: BC
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0 '
0 ' '
'
exp (3)
;
exp (4)
B ad H
B
E EC C F
RT
This gives
dC E E dEk F
dt RT dt
θ + ⎛ ⎞−= ⎜ ⎟⎝ ⎠
⎛ ⎞⎛ ⎞−= − ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
  
 
 
H
C +and To arrive at equation (4), adθ  were considered constant and an empirical 
constant 'k   is introduced to balance the equation with respect to 
dimensions. 
1 1(molV l− − )
 
Equation (4) can be related to the crossover flux using; 
 
(5)B BA
V dCJ
A dt
=  
 
Combining (4) and (5) yields; 
 
' 0 ' 'exp (6)BA
V k E E dEj F
A RT dt
⎛ ⎞ ⎛ ⎞− ⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠⎝ ⎠
 
 
Thus, Nernst equation provides the theoretical foundation for this technique.  
 
For the potentiometric technique, the variation of the open circuit potential (E) of the Pt 
electrode (working electrode) in the receiving compartment was monitored during the 
crossover. To determine the concentrations corresponding to measured potential 
values, calibration was made by measuring the potential of the Pt electrode in 
3CH OH
20.5 4M H SO  containing of different concentrations. Calibration plot is shown 
in Figure 4-12, with a slope of 0.0557 which is similar to the Nernstian slope value of 
0.0592 V at 25°C.  
3CH OH
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  Figure 4-12: Calibration for the Potentiometry. 
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Potentiometric curves obtained when 5M, 2.5M and 1M initial methanol concentrations 
were introduced in the reservoir compartment and the potential of the Pt electrode in the 
receiving compartment monitored with time are shown in Figure 4-13. It can be observed 
that, the higher the initial methanol concentration in the reservoir compartment the less 
the potential values.  The potential values measured with respect to time were converted 
to concentrations with the help of the calibration curve. Figure 4-14, shows increase in 
methanol concentration with respect to time for the receiving compartment for different 
initial methanol concentrations in the reservoir compartment. As expected, when high 
initial concentration in the reservoir compartment was used, early detection of the 
methanol in the receiving compartment and a steeper slope were observed.  
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Figure 4-13: Potentiometric curves for the receiving compartment for different initial methanol 
concentration in the reservoir compartment. 
 
0
0.5
1
1.5
2
2.5
0 5000 10000 15000 20000
Time  / s
C
B
 (t
)  
/ M
    5M
    2.5M
   1M
 
Figure 4-14: Methanol concentrations in the receiving compartment during crossover for different 
initial methanol concentrations in the reservoir compartment  
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In order to determine methanol crossover flux, concentration values for the receiving 
compartment for 2.5M initial concentration in the reservoir compartment were plotted 
against time and the following equation was obtained: 
 
3 2
( ) 0.6313 * ln ( ) 5.6518 (7)
;
0.6313 (8)
B
B
C t t
which gives
dC mol dm s
dt t
− −
= −
=
    
 
 
B B
A
V dCj
A dt
=Table 4-1 shows flux values obtained using . 
 
 
®Table 4-1: Flux values for Nafion  117 membrane at various time periods 
 for 2.5M initial methanol concentration  
 
Time  (s) 
 5 3* 10BdC mol dm s
dt
2− − 6 2 1* 10A mol cm s
− − −j−  
 
8060 7.83251 1.24415 
9260 6.81749 1.08292 
11120 5.67716 0.901787 
13760 4.58794 0.72877 
16820 3.75327 0.596187 
18620 3.39044 0.538554 
 
 
(9)
f
i
avg f
i
t
A
t
A t
t
j dt
j
dt
=
∫
∫
 
 
This implies that; 
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3 20.6313 * 1f
i
avg
t
B
t
A
f i
mol dm s V dt
A t
j
t t
− −
= −
∫
   
 
 
2 148 min
avgA
j mol cmμ − −=  
 
 
6 2( ) 1.13 10DK x cm s 1− −=And using equation (3), Permeability  
 
 
A comparison of the permeability values obtained in the present studies with literature 
values is given in Table 4-2. 
 
Table 4-2: Nafion® Membrane Methanol Permeability  
 
Permeability Author Technique Temperature 
°C 
Methanol   
Conc.   
(
2 1 * 10cm s − −6
M ) 
Present studies Cyclic Voltammetry 22 2.5 1.27 
Present studies Chronoamperometry 22 2.5 1.11 
Present studies Potentiometry at  OCV 22 2.5 1.13 
Ramya et al Cyclic Voltammetry      
and       
Chronoamperometry 
30 2 5.3 
Barragan et al Open Circuit Voltage 
(OCV) 
120 5 15.6 
Tricoli et al Gas chromatography 22 2 1.15 
  
 
 
 
The cyclic voltammetry, chronoamperometry, and potentiometric techniques evaluated 
gave accurate permeability values. However, potentiometric technique has additional 
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advantages of giving more data points, and is more reliable because it allows easier 
reproducibility of results. In addition to these, is more convenient because the readings 
are automatically recorded by the potentiostat without necessarily having to stay and take 
the readings hourly. Thus, potentiometric technique has been chosen to be the best among 
the techniques evaluated. It was used to determine the methanol crossover flux in the 
prepared composite membranes.   
4.2 SPEEK/TPA/ MCM-41 or Y-zeolite Composite Membranes Preparation  
 
 
Both the methanol permeability and proton conductivity values of SPEEK membranes 
are low compared to that of Nafion® membranes. While incorporation of heteropolyacids 
into the SPEEK polymer matrix enhances the membranes proton conductivity, it also 
promotes methanol permeation through the membranes. In order to control the 
membranes methanol permeability, appropriate quantities of inorganic components such 
as ZrO2, MCM-41, Y-zeolite etc, could be blended in the membranes.   
 
SPEEK/TPA/Y-zeolite or MCM-41 composite membranes were prepared using the 
procedure described in section 3.2. During the preparation, it was observed that 
appropriate viscosity of the SPEEK/TPA/Y-zeolite or MCM-41 mixture before casting 
and flatness of the glass plate are very important in achieving homogeneous and uniform 
thickness membranes.  Also, as the amount of the TPA/Y-zeolite or MCM-41 was 
increased up to 30wt % to 40wt % the membranes become fragile and brittle. This is 
expected because the inorganic component materials are not as flexible as the polymer 
matrix.  
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4.3 Methanol Permeability of SPEEK/TPA/ MCM-41 Composite Membranes  
 
 
Having established that potentiometric technique is the best in terms of reliability and 
convenience; it was then used to study the methanol crossover behavior of the prepared 
composite membranes. Figure 4-15, shows potentiometric curves for pure SPEEK 1.6 
membrane and three different composite membranes; 10wt % (50% MCM-41 + 50wt % 
TPA) and 90wt % SPEEK 1.6, 20wt % (50wt % MCM-41 +50wt % TPA) and 80wt % 
SPEEK 1.6, and 30wt % (50wt % MCM-41 + 50wt % TPA) and 70wt % SPEEK 1.6, 
when 2.5M initial concentration was used in the reservoir compartment . It can be 
observed that as the inorganic loadings (MCM-41/TPA) increase from 10wt % to 30wt 
%, the potential values decrease. All the composite membranes have higher potential 
values compared to the pure SPEEK 1.6 membrane. These potential values were recorded 
and converted to concentrations using the calibration curve. The concentration values 
were used in determining the methanol crossover flux and the permeability of the 
membranes. Figure 4-16 shows an increase in methanol concentration in the receiving 
compartment with respect to time when 30wt % (50wt %MCM-41 + 50wt % TPA) and 
70wt % SPEEK composite membrane was studied.   
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Figure 4-15: Potentiometric curves for pure SPEEK 1.6 membrane and three different 
SPEEK/TPA/MCM-41composite membranes. 
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Figure 4-16: Variation in methanol concentration in the receiving compartment for 30wt % (50wt 
%MCM-41 + 50wt % TPA) and 70wt % SPEEK composite membrane for 2.5M initial methanol 
concentration in the reservoir compartment. 
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3 2
( ) 0.6523 * ln ( ) 5.3006 (1)
;
0.6523 (2)
B
B
C t t
which means
dC mol dm s
dt t
− −
= −
=
   
 
B B
A
V dCj
A dt
=Table 4-3 shows flux values obtained using . 
 
 
Table 4-3: Flux values for 30wt % (50wt %MCM-41 and 50wt % TPA) and 70wt % SPEEK 
composite membrane at various times for 2.5M initial methanol concentration 
 
 
 
   
 
5
3 2
* 10BdC
dt
mol dm s
−
− −
3
( )BC t
mol dm − 3
( )AC t
mol dm −
6
2 1
* 10Aj
mol cm s
−
− −  ( )Time s ( )E V  
     3600     0.4954     0.0094   2.4906     18.1194    2.8782 
     4680     0.4870     0.1783   2.3217     13.9380     2.2140 
     5580     0.4789     0.3411   2.1589     11.6900    1.8569 
     6480     0.4717      0.4859   2.0141     10.0664     1.5989 
     8280     0.4652     0.6166   1.8834       7.8780    1.2514 
    10080     0.4600     0.7211   1.7789       6.4712    1.0279 
    11880     0.4554     0.8136   1.6864        5.4907    0.8722 
    13680     0.4510     0.9021    1.5979       4.7683    0.7574 
   15480     0.4476     0.9705     1.5295       4.2138    0.6693 
   17280        0.4437       1.0489    1.4511       3.7749    0.5996 
   19080     0.4406     1.1112   1.3888       3.4188    0.5431  
   20880      0.4373     1.1775   1.3225       3.1240    0.4962 
  21200     0.4371     1.2298   1.2702       3.0769    0.4887 
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(3)
f
i
avg f
i
t
A
t
A t
t
j dt
j
dt
=
∫
∫
 
 
This implies that; 
 
2 162.63 min
avgA
j mol cmμ − −=  
   
     And using equation (3), Permeability  8 2( ) 3.506 10DK x cm s− −= 1
 
 
 
The same procedure was followed to calculate the methanol crossover flux and 
diffusivity values for the other composite membranes. 
 
Figure 4-17 shows an increase in methanol concentration in the receiving compartment 
with respect to time for pure SPEEK 1.6 membrane and four different composite 
membranes; 30wt % MCM-41 and 70wt % SPEEK 1.6, 10wt % (50% MCM-41 + 50wt 
% TPA) and 90wt % SPEEK 1.6, 20wt % (50wt % MCM-41 +50wt % TPA) and 80wt % 
SPEEK 1.6, and 30wt % (50wt % MCM-41 + 50wt % TPA) and 70wt % SPEEK 1.6, 
when 2.5M initial concentration was used in the reservoir compartment. 
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 Figure 4-17: Variation in methanol concentration in the receiving compartment for pure SPEEK 1.6 
membrane and the SPEEK/MCM-41/TPA composite membranes for 2.5M initial methanol 
concentration in the reservoir compartment. 
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The concentration values were used in determining the methanol crossover flux and 
permeability values for the membranes. Figure 4-18 shows a decrease in the flux values 
due to decrease in the concentration gradient during the crossover for the same 
membranes. It can be observed that as the amount of the inorganic loading increases the 
methanol crossover flux increases. That is, as the amount of the tungstophosphoric acid 
(TPA) which is known to enhance methanol permeation is increased the composite 
membranes become more permeable to the methanol. The presence of MCM-41 suppose 
to counter this TPA behavior but it was observed that when the MCM-41 weight percent 
is high its ability to suppress the effect of increasing methanol crossover caused by the 
TPA declines. Similar observation has been reported; silicates incorporated into polymer 
membranes help to reduce methanol permeability but at high loadings this contribution to 
reduction in methanol permeability is small [41]. Also, as the inorganic loadings increase, 
the membranes become more inhomogeneous, thus, creating voids through which 
permeation of methanol molecules could occur. 
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Figure 4-18: Methanol crossover flux for the pure SPEEK 1.6 membrane and the SPEEK/MCM-
41/TPA composite membranes for 2.5M initial methanol concentration in the reservoir 
compartment. 
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However, even composite membrane with the highest inorganic loading (30wt %) has 
lower average methanol crossover flux and Permeability values compared to the plain 
SPEEK 1.6 as shown in Table 4-4.  
 
Table 4-4: SPEEK/TPA/MCM-41 Membranes Permeability and Flux Values. 
 
 Average Flux  
 
Membrane Type  Thickness   Permeability 
( )mμ
2 1min
mol
cm
μ
− −
⎛ ⎞⎜ ⎟⎝ ⎠
8
2 1
10x
cm s
−
−
 
 
Pure SPEEK 1.6 160 4.41 69.72 
30wt % TPA and 70wt % SPEEK 1.6 160 7.29 96.08 
30wt % MCM-41 and 70wt % 160 0.83 30.20 
 SPEEK 1.6 
30wt % (50wt % MCM-41 +50wt % 
TPA) and 70wt % SPEEK 1.6 
160 3.51 62.65 
20wt % (50wt % MCM-41 + 50wt % 
TPA) and 80wt % SPEEK 1.6 
160 1.50 43.50 
10wt % (50wt % MCM-41 + 50wt % 
TPA) and 90wt % SPEEK 1.6 
120 1.32 40.60 
30wt % (60wt % MCM-41 + 40wt % 
TPA) and 70wt % SPEEK 1.6 
160 1.63 55.70 
20wt % (60wt % MCM-41 + 40wt % 
TPA) and 80wt % SPEEK 1.6 
145 0.69 37.78 
10wt % (60wt % MCM-41 + 40wt % 
TPA) and 90wt % SPEEK 1.6 
145 0.57 33.7 
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The presence of TPA in the composite membranes enhances membrane hydrophilicity, 
resulting in gain in proton conductivity while MCM-41 inhibits methanol crossover, 
decreases bleeding out of the TPA and increases thermal stability of the membranes. 
Thus, these composite membranes could perform better than SPEEK 1.6 in the operation 
of DMFC.     
 
4.4 Methanol Permeability of SPEEK/TPA/ Y-zeolite Composite Membranes  
 
The Y-zeolite serves the same purpose of inhibiting methanol permeation, decreasing 
leaching of the TPA and increasing thermal stability like the MCM-41. Using the 
potentiometric technique, potential values were recorded for each of the composite 
membranes and were converted to concentrations. Figure 4-19, shows potentiometric 
curves for pure SPEEK 1.6 membrane and three different composite membranes; 10wt % 
(60wt % Y-zeolite + 40wt % TPA) and 90wt % SPEEK 1.6, 20wt % (60wt % Y-zeolite 
+40wt % TPA) and 80wt % SPEEK 1.6, and 40wt % (60wt % Y-zeolite + 40wt % TPA) 
and 60wt % SPEEK 1.6, when 2.5M initial concentration was used in the reservoir 
compartment. All the composite membranes except 40wt % (60wt % Y-zeolite + 40wt % 
TPA) and 60wt % SPEEK 1.6 have higher potential values compared to the pure SPEEK 
1.6 membrane. These potential values were recorded and converted to concentrations 
using the calibration curve. 
 
Figure 4-20 shows an increase in methanol concentration in the receiving compartment 
with respect to time when 40wt % (60wt %Y-zeolite + 40wt % TPA) and 60wt % 
SPEEK composite membrane was studied.   
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Figure 4-19: Potentiometric curves for pure SPEEK 1.6 membrane and three different 
SPEEK/TPA/Y-zeolite composite membranes. 
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Figure 4-20: Variation in methanol concentration in the receiving compartment for 40wt % (60wt 
%Y-zeolite + 40wt % TPA) and 60wt % SPEEK composite membrane for 2.5M initial methanol 
concentration in the reservoir compartment. 
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From the plot; 
 
   
3 2
( ) 0.8138 * ln ( ) 6.6158 (1)
;
0.8138 (2)
B
B
C t t
This gives
dC mol dm s
dt t
− −
= −
=
 
B B
A
V dCj
A dt
=Table 4-5 shows flux values obtained using . 
 
Table 4-5: Flux values for 40wt % (60wt %Y-zeolite and 40wt % TPA) and 60wt% SPEEK 
composite membrane at various times for 2.5M initial methanol concentration 
 
 
 ( )Time s   ( )E V 5
3 2
* 10BdC
dt
mol dm s
−
− −
3
( )BC t
mol dm − 3
( )AC t
mol dm −
6
2 1
* 10Aj
mol cm s
−
− −   
3600 0.4920 0.0775 2.4225 22.60 3.59 
4500 0.4851 0.2165 2.2835 18.10 2.87 
5850 0.4771 0.3773 2.1227 13.90 2.21 
6750 0.4673 0.5744 1.9256 12.10 1.91 
7200 0.4644 0.6327 1.8673 11.30 1.79 
8400 0.4596 0.7292 1.7708 9.68 1.54 
9600 0.4548 0.8257 1.6743 8.47 1.35 
10800 0.4497 0.928 1.5718 7.53 1.20 
11700 0.4450 1.0227 1.4773 6.95 1.10 
12150 0.4404 1.1152 1.3848 6.69 1.06 
13500 0.4378 1.1677 1.3323 6.03 0.96 
14850 0.4357 1.2105 1.2895 5.48 0.87 
16200 0.4352 1.22075 1.27925 5.02 0.80 
 85
(3)
f
i
avg f
i
t
A
t
A t
t
j dt
j
dt
=
∫
∫
 
 
This implies that; 
 
2 192.5 min
avgA
j mol cmμ − −=  
   
8 2( ) 7.04 10DK x cm s 1− −= And using equation (3), Permeability  
 
 
Methanol crossover flux and permeability values for the other composite membranes 
were obtained using the same procedure. Figure 4-21 shows increase in methanol 
concentration in the receiving compartment with respect to time when 2.5M initial 
concentration was used in the reservoir compartment for pure SPEEK 1.6 membrane and 
four different SPEEK composite membranes; 30wt % Y-zeolite and 70wt % SPEEK 1.6, 
20wt % (60wt % Y-zeolite + 40wt % TPA) and 80wt % SPEEK 1.6, 30wt % (60wt % Y-
zeolite + 40wt % TPA) and 70wt % SPEEK 1.6, and 40wt % (60wt % Y-zeolite + 40wt 
% TPA) and 60wt % SPEEK 1.6. Figure 4-22 shows decrease in the flux values due to 
decrease in the concentration gradient during the crossover for the same membranes. It 
can be observed that as the amount of the inorganic loading increases and that of SPEEK 
1.6 decreases the methanol crossover flux increases.  
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Figure 4-21: Variation in methanol concentration in the receiving compartment for the pure SPEEK 
1.6 membrane and the SPEEK/Y-zeolite/TPA composite membranes for 2.5M initial concentration in 
the reservoir compartment. 
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Figure 4-22: Methanol crossover flux for the pure SPEEK 1.6 membrane and the SPEEK/Y-
zeolite/TPA composite membranes for 2.5M initial methanol concentration in the reservoir 
compartment. 
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It can be observed, that with lower inorganic loadings better reduction of methanol 
crossover flux is achieved. Table 4-6 shows the average methanol crossover flux and 
permeability values for the SPEEK/TPA/Y-zeolite composite membranes. 
 
Table 4-6: SPEEK/TPA/Y-zeolite Membranes Permeability and Flux Values 
 
Membrane Type Thickness    Average Flux  
 
Permeability 
( )mμ
2 1min
mol
cm
μ
− −
⎛ ⎞⎜ ⎟⎝ ⎠
8
2 1
10x
cm s
−
−
 
 
Pure SPEEK 1.6 160 4.41 69.72 
30wt % TPA and 70wt % SPEEK 1.6 160 7.29 96.08 
30wt % Y-zeolite and 160 1.64 49.50 
70wt % SPEEK 1.6 
30wt % (50wt % Y-zeolite + 50wt % 
TPA) and 70wt % SPEEK 1.6 
160 4.29 64.55 
20wt % (50wt % Y-zeolite + 50wt % 
TPA) and 80wt % SPEEK 1.6 
160 3.27 57.96 
10wt % (50wt %Y-zeolite + 50wt % 
TPA) and 90wt % SPEEK 1.6 
145 1.71 50.83 
40wt % (60wt % Y-zeolite + 40wt % 
TPA) and 60wt % SPEEK 1.6 
160 7.04 92.50 
30wt % (60wt % Y-zeolite + 40wt % 
TPA) and 70wt % SPEEK 1.6 
160 3.34 62.60 
20wt % (60wt % Y-zeolite + 40wt % 
TPA) and 80wt % SPEEK 1.6 
145 2.12 52.50 
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It can be seen that composite membranes with MCM-41 have lower average methanol 
crossover flux and permeability values than those with Y-zeolite. MCM-41 is a 
mesoporous material with pore diameter of 3.0 nm to 3.2 nm. The MCM-41 used has 
silicon to aluminum ratio of 15. Y-zeolite is a microporous material with pore diameter of 
about 0.74 nm and low silicon to aluminum ratio. Because the pore diameter of MCM-41 
is bigger, it can accommodate the TPA molecules within its pores better. This means 
provision of better framework for the loading of TPA. In Y-zeolite, the pores have small 
diameter, thus some of the TPA molecules could be exposed to the surface. But TPA 
molecules could still be effectively encapsulated in the supercages of the zeolite when 
there are a moderate number of aluminum atoms in the framework of the zeolite, and 
cations which promote the formation of TPA precursors occupy the cation sites induced 
by these atoms [71].  
 
In general, all the composite membranes studied except one, have lower average 
methanol crossover flux and permeability values than plain SPEEK 1.6 membrane. The 
presence of TPA in the composite membranes will enhance their proton conductivity 
while the MCM-41 and Y-zeolite will prevent leaching of the TPA, increase thermal 
stability of the membranes and inhibits methanol permeation. Thus, SPEEK/TPA/MCM-
41 or Y-zeolite composite membranes prepared could have better performance in the 
operation of DMFC than plain SPEEK 1.6.      
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CHAPTER 5 
 
5 CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions 
 
 
Based on the results of this research work, the following conclusions are made: 
1) Five methanol crossover measurement techniques through polymer electrolyte 
membranes including both electrochemical and non electrochemical have been screened. 
It was found that the electrochemical techniques are more accurate, reliable and 
convenient. 
 
2) Three electrochemical techniques were experimentally screened; cyclic voltammetry, 
chronoamperometry, and potentiometry. Among them, potentiometric technique has been 
found to be the best in terms of easier reproducibility of results, convenience and ability 
of getting more data points. 
 
3) Potentiometric technique was used in determining the methanol crossover flux and 
permeability of the prepared SPEEK/TPA/MCM-41 and SPEEK/TPA/Y-zeolite 
composite membranes. 
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4) All the SPEEK/TPA/MCM-41 composite membranes studied have lower average 
methanol crossover flux and permeability values than the plain SPEEK 1.6 membrane. 
 
5) All the SPEEK/TPA/Y-zeolite composite membranes studied except the one with 40 
wt % (60wt %Y-zeolite + 40wt % TPA) and 60wt % SPEEK 1.6 have lower average 
methanol crossover flux and permeability values than plain SPEEK 1.6. 
 
6) Lower loadings of the inorganic material (TPA/MCM-41 or Y-zeolite) gives better 
reduction of methanol crossover than high loadings. 
 
7) Composite membranes with MCM-41 showed lower average methanol crossover flux 
and permeability values than those with Y-zeolite.    
 
8) The SPEEK/TPA/MCM-41 or Y-zeolite composite membranes studied have good 
potential for use in the direct methanol fuel cell (DMFC) due to their low methanol 
permeability. 
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5.2 Recommendations 
 
The following recommendations could be useful for future studies, 
 1) More of the methanol crossover measurement techniques should be studied in order to 
make a more comprehensive conclusion on the best one (s). 
 
2) Effects of temperature on the methanol permeability of the SPEEK/TPA/MCM-41 or 
Y-zeolite composite membranes should be studied. 
 
3) The membranes should be tested in a direct methanol fuel cell (DMFC). 
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